long been routinely used in soil mapping (Northcote, 1954). Geomorphometry was proposed as a data source
A gricultural and environmental modeling and asgraphic variables are also employed to generate secondsessment have many uses for soil hydraulic properary terrain attributes, like wetness index or sediment ties. These properties are notorious for difficulties and transport index, that in turn can be used in soil-landhigh labor costs involved in measuring them. Therefore, scape correlations (McSweeney et al., 1994 ; Thompson there is a trend to estimate soil hydraulic properties et al., 1998, McKenzie and Ryan, 1999) . from other readily available data (Bouma, 1989; Rawls The readily available information on relationships beet al., 1991) . Until recently, estimation of soil hydraulic tween soil hydraulic properties and topographic variproperties was done exclusively from other soil properables is surprisingly scarce, although published results ties available from soil survey (Pachepsky et al., 1999) .
demonstrate some strong correlations (Halvorson and However, the level of detail given by soil surveys is not Doll, 1991; Mapa and Pathmarajah, 1995) . Much more sufficient in some applications, in particular, applicais known about dependencies of soil hydraulic propertions related to site-specific agriculture (Schepers and ties on soil texture, organic matter content, and bulk Francis, 1998).
density (Pachepsky et al., 1999) . Soil texture, organic Soil properties are known to be related to landscape matter, and bulk density are known to reflect landscape position (Ruhe, 1956) . Geomorphic information has position (Van den Broek et al., 1981; Kreznor et al., 1989) . Therefore, one can hypothesize that soil hydrau- and this may weaken dependencies of soil hydraulic properties on topographic variables.
Published in Soil Sci. Soc. Am. J. 65:1787 Am. J. 65: -1795 Am. J. 65: (2001 . Table 1 . Selected properties of soils in soil association of the texture has been defined as a loamy sand for this soil assostudy site.
ciation by the soil survey. Table 1 presents some characteristics of these soils from the soil survey report (NCRS, 1995) .
Soil attributes Cedartown Galestown Matawan
Topographic survey of the site was made by the Air Survey Soil texture was measured with the hydrometer method.
Organic matter, % 0.5-2 0.5-2 0.5-2
Soil water retention was measured at 0, 2.5, 5, 10, 33, 100, pH 3.6-5.5 3.6-5.5 3.6-5.5 500, 1500 kPa by means of a sand table and pressure plate.
Available water capacity, % 5-10 6-8 6-9
Bulk density and porosity were computed.
This study evaluated variability of texture and water Topographic Variables retention of soils across a gently sloping field located in the long-term precision farming research site at the Elevation values were obtained from a digital elevation model constructed by interpolation of the photogrammetric Beltsville Agricultural Research Center, MD. We hymass points data to nodes of a 30-by 30-m grid. The 30-m pothesized that differences in water retention might acspacing was selected as the spacing at which the USGS made count for observed variability in yields. The specific available DEMs for the USA (7.5-Minute DEM 30-by 30-m objectives of this research were (i) to characterize varidata spacing at http://rockyweb.cr.usgs.gov/elevation/dpi_ ability of water retention across the hillslope and (ii) to dem.html; verified July 9, 2001 ). This resolution was assumed determine and describe any correlations of soil water to be sufficient to capture the spatial variability of gently retention with soil texture and surface topography.
sloping terrain in the study area. Because there is no unanimous opinion regarding the best method to interpolate topog-
MATERIALS AND METHODS
raphy (Wise, 1998), we built five different DEMs using inverse square distance interpolation, kriging, minimum curvature in-
Study Area and Data Collection
terpolation, radial basis function method, and triangulation with linear interpolation. Those were selected on the basis of The 3.7-ha study area, located at the USDA Beltsville Agricultural Research Center, MD, (76Њ50Ј25″ W, 39Њ01Ј15″ N), common methods reported in the literature. All DEMs were built by the SURFER software version 7.00 (Golden Software, is a long-term site for studying crop and soil management used in precision farming research in nonirrigated conditions. Soil Inc., 1999). Values of maximum slope, profile curvature and tangential cover of the site is defined as Cedartown-Galestown-Matawan soil association (NRCS, 1995) . Cedartown and Galestown are curvature were used as topographic variables for the study area. Profile curvature is defined as curvature of the surface siliceous, mesic Psammentic Hapludults, whereas Matawan is fine loamy, siliceous, semiactive, mesic Aquic Hapludult. Slope cross-section made in the direction of maximum slope. This is the uphill rate of change in slope. Negative (positive) values gradients range from 0 to 5%, and the predominant topsoil fierka, 1993) . Maximum slope (s), the profile curvature (v), and the tangential curvature (h) can be expressed by deriva-A linear regression was used to express the dependencies tives of the dependence of the elevation z ϭ f(x,y) on horiof water retention on topographic variables and to estimate zontal coordinates x and y (Evans, 1980) : the proportion of variation in water retention that could be explained by topographic variables. The data had spatial struc-
ture, and for this reason we used the least square model with correlated errors (Thisted, 1988) .
The linear regression model ments. The matrix T has elements t ij which are values of the jth topographic variable in the ith measurement point; j ϭ 1,2, . . . N, and N is the total number of topographic variables taken into regression. The vector ␤ contains regression coeffi-
cients ␤ j , j ϭ 1,2, . . . N. Vector 0 and matrix T 0 contain average values of observed water retention and topographic variables, The partial derivatives were estimated from a grid-based digirespectively. The vector ε contains the regression errors ε i , tal elevation model by the moving three-by-three grid network i ϭ 1,2,3, . . . M. described by Moore et al. (1993) . The second order polynomial
In the ordinary least square model, errors ε i are assumed to be independent and to belong to the same normal distribu-
) with the zero mean and the variance 2 . Therefore, the vector ε belongs to the normal distribution of independent normally identically distributed values ‫,0(ގ‬ 2 I) was fitted to the nine points of three-by-three networks and where I is the identity m ϫ m matrix with all diagonal elements values of p, q, r, s, u and t were computed as suggested by equal to one. Because there is correlation between errors, all Shary (1995):
off-diagonal elements are equal to zero. This model has Nϩ1
parameters, N values of ␤ j and value of 2 to be found from the data.
In the least square model with correlated errors, errors
belong to normal distribution ‫,0(ގ‬ 2 C), where C is the m ϫ m correlation matrix, so that C ik is the correlation coefficient
between ith and kth error. The semivariogram of errors is used to compute the elements of the correlation matrix as
Here ␥ is the semivariogram, d ik is the distance between the
ith and kth sampling points, 2 is the sill of the semivariogram (Pinheiro and Bates, 2000) . This regression model has more parameters than the ordinary least square model; the list of
parameters includes the range, , and the nugget effect, c 0 , of 
simultaneously during a nonlinear optimization with the minimum likelihood criterion.
We used Splus software (MathSoft, 1999) to fit the least
square model with correlated errors to our dataset. Averages of duplicated measurements were used for this regression.
The software required specifying the type of semivariogram ϩ 5z i, j )/9.
[4] is the most suitable for our data. Initial estimates of the range ferent interpolation methods are compared in Fig. 3 .
and the nugget effect were set at 10 m and at 0.2, respectively.
The values of slopes vary least among interpolation
The especially when they are small. In The distribution of soil texture is reflected in relationsilt than soils in Transects A and C.
ships of soil texture to the computed topographic variTopographic variables computed after applying difables shown in Fig. 4a for the minimum curvature interpolation method. Topographic variables complement 1 The map is obtained by means of the SURFER software using the inverse distance interpolation from sampling points. each other in distinguishing zones of different texture within the landscape. For example, slope separates 2). Only average water contents at 0 kPa and average water contents at 1500 kPa did not differ between TranTransects B, D, and A reasonably well by sand and silt contents in soil. However, slope values are useless for sects C and D, and the Transect pairs A, B and C, D did not differ in their average water contents at 100 kPa. distinguishing Transects A and C by soil texture. Profile curvature, on the other hand, does not discriminate Water retention in Transects A and B was larger than in Transects C and D at low capillary pressure of 2.5 kPa. Transects C and D, but discriminates Transects A and C well by their silt content, something that slope does Transects A and C showed higher water retention than Transects B and D at capillary pressures greater than not do. Tangential curvature discriminates Transects D and B by their clay content better than other topo-2.5 kPa. The coefficients of variation were less than 5% for water contents at zero capillary pressure, within the graphic variables. All this indicates that slope and both curvatures may serve as predictors of distributions of 5 to 10% range for the water contents at capillary pressures from 2.5 to 33 kPa, and mostly within 15 to 20% soil texture in this landscape. Other interpolation methods used to relate texture to topographic variables led range for capillary pressures 100 kPa and larger. The relationship between soil water retention and soil to similar results (i.e., Fig. 4b,c,d ).
Data on soil water retention in transects are summatexture is shown in Fig. 5 . No significant correlation was found for water-satiated soil at 0 kPa. The relationship rized in Table 2 . Differences among transects for average values of water contents at the same capillary presbetween water retention and sand or silt content emerges at 2.5 kPa, although Transect B is far off the sure were statistically significant in most cases ( Table   Table 2 . Soil texture and soil water retention in transects †. Although the coefficients of determination are not high for each of the topographic variables, they are statistitrend line. A relatively strong relationship (R 2 ϭ 0.703) cally significant. between water content and sand content, as well as Regression equations obtained by the generalized between water content and silt content, was observed least square method for topographic variables derived at capillary pressures of 10 and 33 kPa. The relationship using the minimum curvature method were degraded as capillary pressure increased further, and R 2 10 ϭ 0.1769 Ϫ 1.002s Ϫ 11.36v ϩ 22.99h of relationships between water content and sand content was 0.231 at 100 kPa, and 0.004 at 1.5 MPa. The coeffi-33 ϭ 0.1353 Ϫ 0.662s Ϫ 10.58v ϩ 18.41h cient of determination of the relationship between water 100 ϭ 0.0895 Ϫ 0.716s ϩ 5.11v Ϫ 2.712h
[9] content and clay content was approximately 2.3 times less than that of relationships between water content
Results of the regression analysis are shown in Table  and sand or silt contents. 3. The distributions of residuals did not significantly Since water retention at some capillary pressures exdiffer from normal distributions, and residuals did not hibits a strong dependence on texture (Fig. 5) , and texshow any spatial dependence. Slope, profile, and tangenture reflects topographic variables (Fig. 4) , a relationtial curvatures used as predictors could explain about ship between water retention at some capillary pressures 67% of the variation in water retention at capillary and topographic variables should be expected. Dependpressures of 10 and 33 kPa. Topographic variables were encies of water contents at several capillary pressures not good predictors for the water retention at 100 kPa, on slope and curvatures are shown in Fig. 6 . Satiated being able to explain only about 20% of variation. Rewater content did not exhibit any dependence on topogression coefficients for the profile curvature were not graphic variables. As capillary pressure rises, some designificantly different from zero for 10 and 33 kPa capilpendencies emerge. Water contents at 10 and 33 kPa lary pressures. For the 100 kPa capillary pressure, reshow relationships with slope and curvatures. The coefgression coefficients for curvatures had low statistical ficients of determination, R 2 , are equal to 0.451, 0.423, significance. Ranges and nugget effects of the semivarioand 0.266 for regressions of water contents at 10 kPa grams of errors were similar for all three matric potential on slope, tangential curvature, and profile curvature level. Signs of the coefficients in the regression equation respectively. The regressions of water contents at 33 indicated a decrease in water retention with an increase kPa on slope, tangential curvature, and profile curvain slope or with the increase in convexity of the land surface shape across the slope. Sites with larger tangenture have R 2 of 0.345, 0.432, and 0.310, respectively. tial curvature, i.e., with larger convergence of flows, had cells was represented by the variability within the 30-m transects in this study. Residual mean square errors of larger water retention. The interpolation method had only small effect on the accuracy of regressions and variance the regressions for 10 and 33 kPa (Table 3) were not significantly different from standard deviations of meaexplained by regression (data not shown).
sured water contents across transects in most cases. The accuracy of the water retention estimation from DISCUSSION topographic variables can be limited both by the accuDependencies of the water retention on topographic racy of the elevation estimates and by errors in interpovariables were well pronounced for capillary pressures lation and differentiation used to obtain the topographic between 10 and 100 kPa in the landscape under study.
variables from elevations. An increase in the density of These dependencies, probably, exist because (i) the waelevation data could provide better estimates of curvater retention exhibits a strong dependence on soil textures. We did not observe any substantial effect of the tural components, mainly on sand and silt content, and interpolation method on the accuracy of the relationbecause (ii) soil texture is substantially coarser where ships between water retention and topographic varithe relief enhances transport of the fine material. Our ables, probably, because land surface is gently sloping results concur with results of many other studies which at the site. However, this result cannot be generalized. found soil texture be a leading predictor of water retenArguments for the use of various interpolation methods tion in sandy soils as compared with other soil properfor elevation data have been made by many authors ties (i.e., Haverkamp and Parlange, 1988; Schaap and (see for examples Hutchinson 1989; De Floriani and Bouten, 1996) . Bulk density was also a useful predictor Puppo, 1995; Wise, 1998) . Uncertainty in the interpolation method selection obviously remains unresolved. of water retention in many regional studies (i.e., Hill and Summer, 1967; Paydar and Cresswell, 1996; Williams et Yet one more factor affecting the accuracy of the topographic variables is the type of approximations used to al., 1992). However, in this study, bulk density did not correlate with water retention at capillary pressures compute the same topographic variable. For example, computations of the curvatures and slopes differ in above 50 kPa (data not shown). In contrast to soil texture, the satiated water content and bulk density did works of Shary (1991), Moore et al. (1993), and Florinsky and Kuryakova (1996) . Wise (1998) has demonnot depend on landscape position in this study. One possible reason for that is the generally coarse texture strated that the different algorithms used to calculate gradient and aspect in different GIS packages can proof soils in the site (Fig. 2) . Dependencies of the bulk density on landscape position have been found in studies duce quite different results from the same DEM. A few secondary topographic variables derived from the slopes of soil with finer texture (Simmons et al., 1989; Mapa and Pathmarajah, 1995; Thomson et al., 1998) . and curvatures, i.e., catchment area, wetness index, streampower index, flow path length, were listed as poThe dependence of water retention on clay content was weaker than on other textural components. This tentially useful variables in soil landscape relationships. In summary, there exist various approaches to toposeemingly contradicts other studies in which clay content was a leading predictor of water retention (Rawls graphic variable computations, and some experimentation may be necessary to select a procedure that will et al., 1991). However, the range of soil clay contents was much narrower of this study (Fig. 3, 4) . The effects give the best predictors of soil water retention. The semivariograms of errors had ranges between 10 of organic matter on water retention might also obscure the effect of clay content on water retention. and 14 m, which were well within the lengths of transects. That, and a relatively small nugget effect (Table  A search for the dependencies of water retention on topographic variables is justified only if (i) water 3), underscored the need for the use of the least square model with correlated errors instead of the ordinary retention is significantly different in different parts of the landscape, and (ii) the accuracy of relationships beleast square model. It was assumed that the variance of errors is the same for observations in all parts of the tween water retention and topographic variables is comparable with the accuracy of average water retention landscape. We did not have enough data to investigate the heteroscedasticity, i.e., nonequal variances in differestimates within a DEM grid cell. Both of these conditions are met in this study. experiments. Sutherland et al. (1996) 1991; Simmons et al., 1989; Timlin et al., 1998 
